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O THi BURNING VELCCITY CF ATCWIZEL FLaL

Ve Ya. Basevich

The burning of atomized liquid fuel attracts special attention, since it is
cne of the wost widesprcad processes in engineering (gas turbines, diesel engires,
various heating devices ctc.).

&t the present time 2 large nwnber of papers on the diffusion burning velocity
of fuel drops is known [1-8]. These investigations have led to the formulation of
a basic law for the burning velocity of drops, a law wnich essentially reflects the
vaporization of the drops under the action of the flame. This law is usually pre=-
sented as a linear relaticnship between the square of tne drop diameter D and the

combustion tiue 7t

DE— I = ke, (1)

where Do and D are the initial and present drop diameters; and i is the so-called
burning=velccity constant,

In the case o & nwaber of hydrocarbons the experimental values cobtained for the
ccnstant k are in general agreement. These values, which, as a rule, are obtained
in model ex eriments, correspcnd to those idealiced conditions under wnich the
experiments were carried out: in the majority of cases this is a single large drcp

in stationary air or s wodel of a drop in the fourm of & porous budy being blown in &
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siow air siream, etc,

Such an idealization is necessary in order to establisih the combustion law, as
well as for an exact determination of K, aud is cumpletely justified, Howe¥er, an
evaluation of the values of k under wore ccmplicated conditions is desirable, psrtic=
ularly for the burniug of an ensemble of drops of different diwensions in a nigh
velocity turbulent flow,

In the present paper, on the basis of a number of essumptions, an atvempt has
been nade at such an e valuation. For comparison, the burning velocities of homoe=

geneous mixtures have also been measured and compared,

Fig., 1. bpxp.rimental apparatus

1) electrical prenhester; 2) pipe; 3) jet; 4) thermometer;
5) turbulator; 6) cumbustion chamber; T) burner; 8) gas
sampler; 9) vessel; 10) thermometer; 11) thermostat; 12)
menometer; 13) electric motor; lg) stopcock- 15) electric
timer; 16) calibrated orifice; 17) trap with liquid nitro-
gen; 18) volume meter,

Experimental methcod

As followe from Eq. (1), in order tc evaluate the burning-velocity constent,
it is necessary to msasure the burn~-up velocity of the fuel drops. For this purpose
the apparatus presented in Fig. 1 was employed., 4air frox a pump enters through
slectricel prehester 1 in%o pipe ¢ with an internal diameter of 45 mm and 12 apertures,

in any one of which centrifugal fuel jet 3 could have been iunstalled, Interchangeeble
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atomizers with & small atomizstion cone are employed in the jot, as a result of
which the amount of precipitation of fuel on the walls of the pipe remsains insignife
icant. The tewperature of the air at the inlet into the combustion chamber is
determwined with the aid of mercury thermometer 4. The fuel from the tank enters
under pressure of nitrogen., The pressure is set on a manometer and determines the
fuel flow rate, Cowbustion chamber 6 of rectangular cro:s section has guartz side
walls in the initial portion.

The open end of the cawbustiou chawber was in contact with the atmosphere. The
slanting "two dimensional® flame tongue of atowized fuel was stabilized with the
aid of one of two hydro.en burners 7 cn the wall at the inlet into the combustion
chamber, wmoreover, the following were deteruined:

1) The 002, CO, end 02 content in the exhaust combustion products along the -
height of the chamber in one particular section located at & certain distance from
the inlet-—-by gas analysis of samples selected through cooled ges sampler 8;

2) The flow rete of thc fuel and air and the extent of preliminary vaporiza-
tion of the fuel, A special method (parts 9-16) was developed for recording the
extent of vaporization.

The essence of this method cousists in sampling end evaluating the compositiocn
of the gaseous phase of the fuel-air uixture; the cauposition was analyzed by the
so-called thermodynamic method [9];

3) The local mixture compositions « ahead of the flame front--by measuriug the
awmounts of fuel deposited in traps 17, which were cooled with liquid nitrogen, while
a kpown awuunt of the fuel-air mixture was suctioned off througn velums ueter 18;

4) The distribution of tne fuel drops according to dimensions in the flow at
the inlet iutc the coambustion chamber-——from the iuprints in the flow on rods coated
with a layer of scot and wagnesium oxide,

5) The trajectories of the drops in the burning zone—frow puotograpns (Fig. 2);
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Fig. 2, a) photograph of the flawe tongue;
b) diagraw of this fleme tongue with the
trajectories IeI; II-II; end III~III

4) section in which analysis of the gases
was carried out,

6) The fligat velocity of the arops along three chosen trajectories-——by photo-
scanning the flame through a slit or film with a siwmultaneous tiwe record.

In determining the complete combustion time of homoxenecus wixtures The the
flame was stabilized b, both hydrogen burners so es to create a "two dimensional®
flame tongue symmetrical with respect to the axis; evaluated were: the avirage
gas velocity in the flame tongue ¥ by photoscanning the tracks of luminous magnesium

particles which had beern previously introduced into the fluw thrcugh a slit located

on the flow axis; the length of the burning zone &

from the composition of
the exheust gases and by photographing the zone of luminescence. Frow which The =
= §/v,

Paraffin kerosene with a specific gravity of C.8:z g/cu.5 and a boiling range of
140-50000 served as the fuel. Blementary compositioun: carbon 85.T% hydrogen 14.0%,

sundry impurities 0.3%. In certaiun experiments with homogeneocus mixtures municipal

gas containing up to 75% methane was used.
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Lxperimental Resulte

1. Burning-Velocity Constant of the Drops

In the determination of the velocity consteut k, firstly, Eg. (1) was assumed
to be valid aund, secoudly, the mass exchange between trajectories was not taken

into account as a result of wnich the values for k will be overstated on trajectories
with a low degrée of burn-up and understated on these with a nigh degree of

burn-up.

It should be noted that the swall combustion tiies (7 < 23 m see) justify this

assumption to some extent,

From the distribution of the drop dimensions, which directly gives the informa-
tion concerning the number of drops n, in i groups of drops of given initial diemeter

Do dimwensionless curves of the burne-up % or completeness of combustion for different

values of the product kr were plotted (Fig. 3):
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where [002 + €0} is the total percentage content according to the analysis of the
gases; [CO2 + Cojmax is the meximum possible ccuntent of ithese gases frou stoichio-
metric celculation for the loecal values of Q.

From the values of 7, the calculated value sccording to Eg, (2) and the actual
value according to (3), the value of the prcduct k7 can be obtained graphically,
Finelly, from the known trajectory length and flight velocity of the drops the coi-
bustion time T and the value of the burning velocity ccnstant are deteruined

k=_’::l. (4)

Experiments were carried out for a practically negligible degree of preliminary
vaporiza;ion along three trajectories: I-I, 150; II-II, 300; and III-III, 420 mu
for different atomizers, centrifugal and pheumatic, giving a different fineness of
atomization (average diameter of drops Dév) and wacrodistribution, The total excess=-
air coefficient 0 was squal to l; the tewperature of the air at the iuput into the
combustion chamber was 20-250; the distance from the jet to the combustion chawver
was 450 mw; and the eir flow rate was 220 and 440 kg/hr, which corresponds to an
average flcw velocity v = 35 and 65 m/sec. The open end of the combustion chamber

was in contact with the atmosphere. The results of the experiment are presented in

Table 1,
TABLE 1

Determination of Burning-
Velocity Constant
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As can be seen from Table 1, the burning«velocity ccnstants of the drops k for
Doy = 88—~1104 and v = 33 m/sec lie within the limits 0,C052—0, 0066 cmzlsec; the
averege valus out of ten messurements is 00,0059 cmzjsec.

For Dav = ASu and v = 69 m/sec the valuesof k are essentiully equals limits of

0,002~0, 0038 and an average of 0,0030 cm2/sec.

th; mses 2. Burnins Time of Homogeneous Mixtures
&\( i For & comparison of the time ci' total
75 !
A \\ f caubustion of atomizea fuel and homogeneous
sl 0 N in,_“ | mixtures sxperiments were conducted ¢
i!'\‘>~~ | determine this time for stoichiometric
|
Z5 v )
g o5 50 75,,,, e;m compositions, The results of the measure=-

S

Fig. 4. Burning tiue The of homo- ments are presented in Fig. 4.

geneous mixtures at different flow

velocities ¥ Discusgion of Hesultg

The ressults of the experiuments do not
permit us to ju(ige the extent to which Eq., (1) is justified. This follows from an
analysis of the amccuracy of the individual measurements, In particular, on account
of the .teep rise in tae coucentration [C()2 + C0J] along the height of the section
(aifferent 7), an accuracy of the order of -3 mm would have been required for the
determination of the position of the trajsctories along the height of the section,
in order to determine the exponrent of U with an accuracy to l. auch an accuracy
could not be achieved.

The velues cbtalued for the constant k, which characterize the absolute burning
velocity of fuel drops in & turbulent flow, allow us to meke a comparison with the
nuwerous measurements that have been made under model ideelized conditions. Sone
of these measurements have been collected in Table 2,

As cen be seen, the ve ue of k measured in our experiments for D__ = 881104
is 1.5 to 2 times lower than the values obtained for a single drop, but it coincides

with the date of corresponding experiments with groups ¢f drops of small [5], as well
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as large dimensions (when the distence between them is small) [6, 8], The theorst-
ical conclusion that the turbulence of the medium and of the burning zone itself
cannot apprecisbly change the vaporization rate of fuel drops when D = 1C0u4 is, on

the whole, confirmed,

¢ msec
10 l' I i 7 : ! The complete combustion time 7 of
i | : ]
1
i | [ : E / drops of different dimension according to
75 ' o e
! i . 7 -
i | | '5})/ Eq. (1) for k = 0,0059 cm“/sec is presented
I H
4 | T i in Fig. 5. For a diffusion mechenism the
l B
1
i | | rate of cumbustion is determined by ths
25 | /.
' /i o ‘vesam/Bec rate of drop vapcrization, As can be
ot e
a4 80t 190 zgaﬁ 240 seen, for sufficiently fine drops the cow-
a2
Fige 5. Combustion time 7,5 of bustion time is commensurate with the burn-
fuel urops of differeut dismeters
Do ing time of a howogeneous mixture in a

turbulent flame tongue 7, (Fig. 4) and

"h
may even be less, Hence it follows that in a turbulent flow the rete of vegporization
of these drops may exceed the rate of combustion of the vapor. For a flow velocity

v = 33 n/gec and Dav = 88~~110# the condition Ted = fhc erises as soon &3 Do £ 60u,
The data in Table 1 for v = J3)5 m/sec refer toc those degrees of fineness of atomiza-
tion, for which the content of drops D = 60u corresponded to 29% (Dav = 884), 185
(Da_‘r = 108#), and 1<% Dy = 1104), i.e., generally small, It is therefore possible
to assume that tne values obtalned for k refer to a2 diffusion combustion region,

when the combustion rate can be neglected, and the liwiting stage is the fuel vapor-
jzation., It was for this very case that the relstiouship (1) wkich we have used was
obtained.

In experiments with Da = 45,whea v = 65 m/sec, the relationship 7

-
v cd - Thc

arises as soon as Do < 504, In this case alread; wore thean half tue arops (574 by
weignt) heve a dimeusion = 504, wiich apparently led tc a siguificant understatement

of the values obtained for k. For these drops the vapcorization rate is higher than
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the vapor combustion rate, which indicates a transition from the diffusion region
to a region governed by the law of turbulent gas combustion, i.e., the laws of
kinetics and turbulence.

It should be noted here that since the burning zone around the drops is turbu-
lent, it is necessary to estimate this transition in accordance with the combustion
tive of a homogeneous uixture in a turbulent flaws, and not on the basis of purely
kinetic data, as some authors have dune, e.g., in Refs, [10, 11].

Thus tne deterwination of k perwits us not c¢nly to estimete the burning velocity,
but, when the value of The is known, to establish the criticsl drop diameters, sbove
end below wnich significantly different cowbustion laws cowe into effect.

Tne purpose of tuis paper was to0 evaluate the burning-velocity constant k in a
turbulent flow, in order to compare it with its vealues in experiments with single
drops, as well as to ccupare the carbustion tines of drops and homogeneous mixtures
for a determination of the value of the critical drop diameter under the conditions
of the given experiment.

hote that knowledge of the critical drop diaweter is useful under any concrete
technical conditions of burning, siuce it rermits us to judge the effect that a
change in the drop dimensions has ou burning. Let us consider this in the case of
a diesel engiue. Here in the presence of coarse atowization, when the drop diameter
is meny tiues greater thaan the critical diameter, we can expect slow burning, (n the
otrer nand, if the drop diameter is less than critical, reauction of the cumbustion
time by further reduction of the arop diaweter is iwmpossible,

«ith the aid of the data obtained i1t is possible to make a purely approximate
estizate of tnis eritical diwens on, For this purpcse, it is necessary, above all,
t0 kuow the cuubustion-rate constant k corresponding to the conditions iu a diesel
engine, Using the value we nave obtained for k, we shall introduce a correction for
high air pressures and temperatures, The value of k in stationsry eir for a single

drop inecreases with an increase in pressure frowm 1 tc 20 atm in proportion to a power

of C.25 [2].
-9-



TaBLE 2

Experimental Values of Combustion-Rete Constants

k, cmzlsec
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The value of k also increases with inerease in sair temperaeture, slthough
epparently less rapidly. Thus, according to tne sexperimsnts, for large siogle drops
of diesel fuel &t roow tewpsrature k = C,0079 cmz/s\ec[l,],\"hi-le at 6069 k =~ 0,01
em“/sec [4]. since the temperature correction is apperently siight, we shall not
introduce it into our spproximmie calculation.

Taking the value of the compressicn pressure in s diesel engine to be p = 30 atw

anc extrapolating the functicn obtained in (2] to this pressure, we find the wvalue

30

k = 0,0050 (_{)"'” == 0,0138 ca? /asc

On the other nand, it is necessary to deterwine the conbustion tiwe of 2 nearly
stoichionetric homogeneous mixture., This was done with the aid of data at our
disposal and was psartially published in [1lZj.

It is pemdiusible to estimats Thc 22 the time of fast pressure rise during
combustion. according to the imaicator diagrams correspoudiug to the process of self-
ignition of nowogeneous wixtures as g result of coumpression, In tonis case for
hydrocer bon-air ndxtures (for diesel t;pe ﬁmls) undier conditions of hi.h tewperatures
aud pressures the values obtteined for T.q are of the order of C. =1 m sec. It is
poussible to estimate Tlhc from schlieren novie recordings as tne time during which
tae gas re.sius in the flame front, wirile the flamwe propegates frow a sperk in
howus eneoud aixtures Thc = -i- vhere U is the propagation velocity of the flame,

1

and § is the widti of the cuubuztion zone. I this case vzlues of Thc of the order
3

of 1-2 macc &re obteined. On the evera.e, 7, may be teken equal tc 1 msec = 107

ssc. By definition Td * The for the critical drop diameter, sc that we cobtein

.Dcr-; ]/ltrhc =} 0,0138-107* = 0,0037 mr.;'zAO K.

If the estimate has been node wore of less ccrrectly, this meens that an
apyreciable reduction of the combustion time for snort igniticn delays (during the
course cf wnich the dimensions of large drups reimain alwost uncnanged‘) by decreasing,
the Srop Jianeter Lelow 40M is practicsll), iwpcossible. oince tue curnditions in our

experiments oun tiew Avberminaticn of the values of K ere extremely different from the

FTu-TT=5=)Ce8/ 1oty «llw



cunbustion conditions in a diesel engine, end gince the influence of preliminary
vaporization oun the drop Gismeter was net tsken into sccount, the celculati on per-
formed above is ugrely illustrative in neture,

Because it is important to have an idee of the possible means cf controlling
the cwmbuotion rrocesg, extensive imvestigations of the valuss of tme burning-velocity
constant end tre burning tiwe under different specific conditions of ignition of
atomized Iuel are reguired,

gonciusions

1, The value of the diffusion counstait of the drop burning velocit, has been
obtained for the cunditious of burning of atomized kerosene in & turbulent flow with
an initisel temperature of ZGOC at 1 atm: k = 0.0059 cmz/sec.

2. The minimum criticel drop diemeter, which limits the diffusicn combustion

region under the giveh burnine conditions, has been establighed.
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